We discuss the optical injection of magnetization into a nonmagnetic semiconductor by the absorption of circularly polarized light. A microscopic approach, which is based on Fermi's golden rule and k · p band models, is used to quantify the magnetization-injection rate in GaAs. We find that under conditions typical in optical orientation experiments, the magnetization-injection rate of holes is approximately 20 times larger than it is for electrons, reflecting the large hole magnetic moment. We then turn to the ultrafast excitation regime and explore the possibility that the injected magnetization can radiate a detectable terahertz field. By using a phenomenological approach for the magnetization relaxation dynamics, we predict that the terahertz field from magnetic injection is at the limit of current terahertz detection technology. We provide initial experimental measurements in search of this terahertz radiation.
I. INTRODUCTION
A host of recent fundamental studies on the behavior of spins in semiconductors has been motivated by the idea of using the spin degree of freedom in information processing, which is the goal of a field that has come to be known as spintronics. Central to many of these investigations has been the optical injection of spin polarized electrons and holes in semiconductors, which is a process that is called optical orientation.
1,2 These spin polarized carriers are then available to be dragged by a bias voltage, for example, to regions of interest in any proposed device structure. Common techniques for measuring the optical orientation do so by monitoring, after excitation, the populations in various bands or their effect on luminescence or Faraday rotation. 3, 4 In such studies, the spins of the holes are usually neglected. This is because the electron-spin lifetime is much longer than the hole spin lifetime, which is commonly assumed to be shorter than any other time scales of interest. However, recent ultrafast pump-probe experiments by Hilton and Tang 5 measured the heavy-hole spin lifetime to be 110 fs, which indicates the possibility that hole dynamics may play an important role in at least some ultrafast experiments.
Especially if the dynamics of both electrons and holes are to be considered, it can be argued that the magnetic moments of these carriers deserve more attention than they have received. Indeed, it has been known for a long time that the holes in a semiconductor can have much larger magnetic moments than the electrons, 6 and so the holes will make a larger contribution than the electrons to the optical injection of magnetization that accompanies optical orientation. The injection and the subsequent evolution of this magnetization are interesting topics in their own right. With respect to any device applications, designs utilizing spin polarized carriers will, of course, typically involve carriers with a net magnetic moment. Moreover, since both the expectation value of the spin and the magnetic moment can be defined for a Bloch electron, 7 studies of populations in bands can be taken to reveal the evolution of the magnetic moments of the carriers just as well as the evolution of their spins. Yet, the magnetic moments of the carriers are arguably more directly measurable than their spins.
In this paper, we investigate the magnetic properties of carriers that can be optically injected in bulk GaAs by using circularly polarized light and consider the possibility that the transient magnetization can be detectable via the emitted terahertz radiation. The observation of such a signal would constitute a direct observation of the ultrafast magnetization of GaAs by the optical injection of carriers, in contrast to the more indirect measurements that follow from pump-probe or luminescence experiments detecting band populations. Moreover, since the holes make a much larger contribution to the injected magnetization than the electrons, the study of the injection and decay of magnetization by its terahertz radiation could provide an important window to the dynamics of optically injected holes in semiconductors.
The optical injection of magnetization we focus on here is phenomenologically similar to the inverse Faraday effect ͑IFE͒. [8] [9] [10] Previous works on the IFE have largely focused on optically induced magnetization in the nonabsorbing regime 8, 9 or in metallic systems. 11 Popov et al. 12 considered the specular reflection from the IFE, in both the absorbing and the nonabsorbing cases, and measured the effective 3 nonlinearity describing the reflection, but they did not focus on the microscopic description of the effect. When pumping with circularly polarized light, the effect on the probe beam polarization can come from an injected magnetization or from the Pauli blocking. [13] [14] [15] The outline of the paper is as follows: In Sec. II A, we discuss the optical injection of magnetization in semiconductors, which relates it to the optical injection of carriers and spins. By using model calculations, we study how the magnetic moments of the injected carriers vary as a function of the energy of the photon responsible for the injection. In Sec. II B, we consider the terahertz radiation from the injected magnetization, which is in contrast to the terahertz radiation from the injected ͑electric-dipole͒ polarization that also occurs in zinc-blende semiconductors above the band gap, and show how the polarization of the incident light can be used to distinguish between the two and thus measure one with respect to the other. Estimates of the sizes of the two effects are given, and we show that the electric field strength of the terahertz radiation from the injected magnetization is large enough to be detected by common terahertz detection schemes. In Sec. III, we present the results of initial experiments aimed at detecting this injected magnetization, and in Sec. IV, we conclude.
II. THEORY

A. Optical injection of magnetization
When a semiconductor is excited by photons with energies above the band gap, electrons and holes are injected at a rate ṅ that closely follows in time the laser intensity pulse profile in the sample. The carrier density injection rate ṅ is given by
The italic superscripts indicate the Cartesian coordinates that are to be summed over when repeated, ab ͑ 0 ͒ is proportional to the absorption coefficient evaluated at a carrier frequency 0 , and E env a ͑r , t͒ is the temporal envelope function of the laser electric field profile E a ͑r , t͒, which is given by E a ͑r,t͒ = E env a ͑r,t͒e
We have assumed, as is commonly done, that the absorption coefficient does not vary much over the spectral width of the laser pulse. From the form given by Eq. ͑1͒, the temporal behavior of ṅ ͑r , t͒ is solely determined by the laser pulse envelope. From a microscopic perspective, the injection rate ṅ can be calculated from Fermi's golden rule, which gives the well-known result that
where r cv a ͑k͒ is the dipole matrix element between bands c and v at a point k in the Brillouin zone and ប c ͑k͒ is the energy of the Bloch state at k in band c. In the summation, c is restricted to conduction bands and v to valence bands.
Accompanying the carrier injection can be an injection of current, 17, 18 spin current, 19 ͑electric-dipole͒ polarization, 20,21 spin, 1, 22 or magnetization, 13 which depends on the polarization of the light source. Optical orientation ͑spin injection͒ arises from circularly polarized excitation of carriers. For excitation of GaAs, near the band edge, the physics is well known. 1 The highest valence bands are comprised of two heavy bands and two light bands. At ⌫, these are all degenerate; the heavy valence bands have a magnetic quantum m j v = Ϯ Under excitation of + light, the injection rate for hole spin density is similarly given by Ṡ h ͑r , t͒ = s h ṅ ͑r , t͒. The spin of the created heavy-hole states is ប 2 and that of the light-hole states is ប 6 . The three-to-one weighing gives s h = ͓3͑
Even though the light does not directly couple to the spin, the spin-orbit interaction leads to a net spin density S e + S h being injected.
Since the carriers have a magnetic moment, the net spin imbalance induced by optical orientation suggests a net magnetization. To quantify this magnetization injection, we need the magnetic moments of the carriers. The magnetic moment of a free electron is =−g B s / ប, where B is the Bohr magneton, s = ប / 2, and g = 2.0023 is the free electron g factor. In a crystal, however, the magnetic moment of an injected carrier includes contributions from both spin and orbital angular momentum. For states ͉mk͘ and ͉nk͘, the matrix element mn z ͑k͒ of the z component of the magnetic moment,
is given by the generalized Roth formula, 7 
where p ms x is the x component of the momentum matrix element between the states ͉mk͘ and ͉sk͘,
where ⑀ s ͑k͒ is the energy eigenvalue associated with state ͉sk͘ and mn z is the matrix element of the Pauli spin operator z ,
The magnetic moment of the electrons is often expressed relative to the spin state by e =−g ‫ء‬ B s e / ប, where g ‫ء‬ is an effective electron g factor and s e is the expectation value of the spin. In general, this g ‫ء‬ is band and k dependent. For the ⌫ electrons in the lowest conduction band of GaAs, g ‫ء‬ = −0.44. 23 The resulting average magnetic moment for bandedge excitation is thus
and the rate of electron magnetization injection Ṁ e,inj ͑r , t͒ in the sample is then Ṁ e;inj ͑r,t͒ = e ṅ ͑r,t͒. ͑9͒
The magnetic moment of a hole is more complicated than that of an electron. The effective magnetic moment of the heavy-and light-hole states can be written in terms of the Luttinger parameter L . 6, 24 In optical orientation, with 
and the rate of injected hole magnetization density is
The band-edge value of L is well known for various semiconductors. In bulk GaAs, it is 1.2 at low temperatures. 26 The ratio of the mean hole magnetic moment to the mean electron magnetic moment h / e is approximately −27 and indicates that the injected hole magnetization density is an order of magnitude larger than the injected electron magnetization density and with opposite polarity.
However, at energies near the band edge, magnetic properties, such as the g ‫ء‬ factor, can significantly vary from the band-edge result. The above discussion focused on bandedge values. To explore the extent that the phenomenological result above holds at experimentally relevant energies above the band edge, we have evaluated the magnetizationinjection rate by using a microscopic model. 19 and Nastos et al. 22 By using the Brillouin zone symmetry properties of the energy bands and matrix elements, it is found that abc is a purely imaginary number. In GaAs, the only nonzero components of
It is straightforward to show that a consequence of Eq. ͑15͒ is that the injected magnetization lies along the direction of the laser beam propagation. With + light ͑a complex field amplitude proportional to x + iŷ͒, the average magnetic moment per injected electron ͑or hole͒ e͑h͒ z is given by
Surprisingly, it does not seem that there exists an electronic structure calculation that yields band-edge values ͑at a photon energy of 1.519 eV͒ of both e z ͑͒ and h z ͑͒ that agree with the accepted experimental values. Ab initio calculations, which are based on the local density approximation, fail to give the correct g ‫ء‬ factor for GaAs. This is undoubtedly related to the failure of these calculations in accurately reproducing the band gap and the effective masses. However, even the k · p band models, which use empirically determined parameters, are unable to accurately reproduce the band-edge values. For example, the 14-band ͑five level͒ model of Hermann and Weisbuch, 27 or of Pfeffer and Zawadzki, 28 gives reasonably accurate results for the electron magnetic moment, and thus g ‫ء‬ , but they do not give accurate results for the magnetic Luttinger parameter L or hole magnetic mo-ments without the use of extra parameters to simulate remote band effects. Moreover, while the 30-band ͑eight level͒ model of Richard et al. 29 gives a value of L close to the experimental result, it gives a very poor g ‫ء‬ factor. Even the refinements to this 30-band model by Fraj et al. 30 do not give sufficiently accurate results for both the conduction and valence bands.
In a first attempt to understand how the injected magnetization varies away from the band edge, we want a calculation that gives the correct results at the band edge. In the absence of any models that give good-band edge results for both electrons and holes, we adopt the 14-band model of Hermann and Weisbuch 27 to calculate the injected magnetic moment per electron and use the 30-band model of Richard et al. 29 for the holes. The computational details of the calculations follow the spin-injection calculations of Nastos et al., 22 and we refer the reader there for details. In Fig. 2 , we plot these magnetic moments as a function of laser photon energy ប. From the turn-on values at the band edge, g ‫ء‬ and L can be easily backed out by using Eqs. ͑8͒ and ͑10͒. An important feature shown in Fig. 2 is that the magnetic moments significantly vary near the band edge. Even at 50 meV above the band edge, the injected magnetic moments of both electrons and holes fall to about half their band-edge values. It is important to distinguish the magnetization from the spin. In spin injection in GaAs, it is well established that the band-edge value for the spin polarization of 50% only becomes significantly weaker at excitation energies near the split-off band ͑about 340 meV above the band edge in GaAs͒.
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B. Terahertz radiation from ultrafast magnetization
Terahertz radiation from optically excited electric currents in unbiased semiconductors has been the subject of much recent study. There are many physical effects that lead to terahertz generation. [31] [32] [33] [34] [35] In noncentrosymmetric semiconductors, bulk optical rectification is the dominant source of terahertz radiation arising from below-band-gap excitation because of the large interaction length. Above the band gap, absorption diminishes the volume of crystal that can contribute to optical rectification, but other effects occur that generate terahertz radiation.
Above-band-gap effects, such as the photo-Dember effect or surface electric field induced optical rectification can induce a strong current, but these currents are typically normal to the surface and so do not radiate terahertz in the normal direction. 34, [36] [37] [38] Usual detection schemes for these effects measure terahertz radiation propagating away from the surface normal.
Another class of above-band-gap effects producing terahertz are the photocurrent effects: injection and shift current. The injection current 17, 39 ͑or circular photogalvanic effect 18 ͒ is understood as a J͑t͒ that appears in a semiconductor proportional to the laser intensity. However, it vanishes for cubic crystals, and so we do not consider further. The shift current 35, 40, 41 ͑or photogalvanic effect͒ exists in the zincblende semiconductors and it is understood as a Ṗ ͑t͒ proportional to the laser intensity. It is due to a microscopic shift in the center of charge as carriers are promoted from the valence to the conduction band. For a suitable choice of surface, such as ͑110͒ in GaAs, shift currents are excited parallel to the surface plane and so strongly radiate along the surface normal. The shift current is proportional to the carrier injection rate,
where p = ed is the average injected dipole moment per carrier. Here, e =−͉e͉ is the electron charge and the displacement d is on the order of a Bohr radius a B ; for GaAs under excitation with linear polarized light along ͓110͔, this distance d is very close to the GaAs bond length, d = 2.54a B . 21 Any back current associated with recombination would occur on a time scale of hundreds of picoseconds and would not lead to radiation in the terahertz regime, so for the shift-current polarization source, we have Ṗ ͑r,t͒ = Ṗ inj ͑r,t͒. ͑18͒
In an optical susceptibility formalism, the shift current can be expressed in a form similar to the magnetization injection ͓Eq. ͑12͔͒,
where abc is a third-rank susceptibility tensor. Unlike the pseudotensor e͑h͒ abc , which describes the magnetization injection and is antisymmetric in its last two indices, the tensor abc is symmetric in its last two indices. For GaAs, the nonzero components are
It is useful to briefly discuss the implications of the symmetry in Eq. ͑20͒ for the case of shift-current excitation in a ͑110͒ oriented GaAs surface. For a laser normally incident on a ͑110͒ surface, the shift current vanishes by symmetry 
L can be backed out of the figure as described in the text. The change in slope of the hole mean magnetic moment at 1.55 eV is due to the separating of the heavyhole and light-hole bands.
for circularly polarized excitation, but it exists for linearly polarized excitation. Moreover, in this case, the shift current is directed in the plane of the surface. Detection of the shift current from linearly polarized light, which is normally incident on ͑110͒ GaAs, has been reported by Côté et al. 35 For non-normal incidence, however, the situation is more complicated and the shift current does not identically vanish for circularly polarized excitation. In this case, there can be a shift current excited in the sample, but when it exists, it is the same for both left-and right-circularly polarized excitations. This is in contrast to the magnetization injection. The pseudotensor symmetries of Eq. ͑15͒ dictate that the magnetization points in the opposite directions for left-and rightcircularly polarized light.
To estimate the field strength of the terahertz radiation from ultrafast magnetization, we compare it to that arising from the shift current. There are three reasons for making this comparison. First, both the shift current and magnetization injection involve a Maxwell source appearing in the crystal at a constant rate, which allows the comparison to more directly focus on the magnitude of the injected sources and less on their geometrical distribution and temporal profile. The second reason is that the theoretical comparison easily translates into an experimental comparison: With linearly polarized light, only a shift current appears, while with circularly polarized light, magnetization injection also occurs. The final reason is that, for above-band-gap excitation with linearly polarized light, the shift current is believed to be the dominant source of normally emitted terahertz radiation.
35,40,41
Before we discuss the realistic scenario of carriers in a semiconductor, it is instructive to consider the case of a free electron in vacuum. The magnetic dipole radiation from flipping the spin of an electron can be directly compared to the electric-dipole radiation from accelerating an electron through a microscopic distance. The change in magnetic moment ⌬m, under a spin reversal, is ⌬m = g B . The change in electric dipole ⌬p that is induced by a translation of 1 Bohr is ⌬p = ea B . Assuming that the temporal profiles of these two radiation sources are the same and neglecting the differences in orientation of the radiation patterns, the peak radiation from the magnetization source can be easily compared to the peak radiation from the polarization source by directly comparing the Maxwell sources. 43 The radiation from the magnetization source is a factor
smaller than that from the polarization, where ␣ is the finestructure constant. For this example of a single electron magnetization source in free space, we see that the magnetic radiation is roughly 70 times smaller than the electric-dipole radiation. A factor of 70, while large, does not preclude a measurement of the terahertz since it is above the signal-tonoise ratio typically encountered in terahertz measurements. However, we must first address the issues that arise when considering carriers in a semiconductor. We require a realistic model for the time dependence of the magnetization source from optical orientation and of the polarization from the shift current, as well as a procedure for comparing the far-field radiation from these two effects. Turning to the magnetization source, the total magnetization density M͑r , t͒ is given by the sum of the hole and electron contributions, M͑r , t͒ = M e ͑r , t͒ + M h ͑r , t͒. Since the lifetime of the injected electron spins is known to be on the order of many picoseconds, 2 their decay will not contribute to the terahertz radiation and so Ṁ e ͑r,t͒ Ϸ Ṁ e;inj ͑r,t͒. ͑22͒
However, the lifetime h of the hole spins is in the subpicosecond regime. Assuming that the magnetization decays with the spin, the hole magnetization follows
As accounted for in Eq. ͑23͒, the decay reduces the peak magnetization from what it would be if there was no decay. The far-field radiation from this source will depend on the orientation of the magnetization density in the sample. For excitation with a normally incident laser, the magnetization density will be polarized normal to the surface. Such an orientation does not radiate normal to the surface, where detectors are commonly placed in terahertz detection schemes. To produce significant radiation propagating normal to the surface, the magnetization density must have a component parallel to the plane of the surface, which can be achieved through non-normal incidence. We will discuss the experimental implications of non-normal incidence below, but first we will consider the far-field terahertz radiation from the component of the magnetization source that would be parallel to surface.
We use the notation of Sipe 44 and write the electric field of the normally emitted terahertz radiation as
where R = ͑x , y͒ lies in the plane parallel to the crystal surface and = ͑ x , y ͒. We use a calligraphic E͑r , t͒ for the terahertz field to distinguish it from the E͑t͒ used for the optical field, and we use ⍀ to distinguish the frequency of the emitted terahertz pulse from the optical frequency . The solution to the Maxwell equations is given by a set of Green's functions. We concentrate on the result for the electric field, and for the radiation emitted from a magnetization, we have
where M͑ , zЈ , ⍀͒ are the Fourier components of the magnetization defined analogous to Eq. ͑24͒ and G EM ͑ , z , ⍀͒ is the planar Green's function. 44 Similarly, for the polarization source of the shift current, the emitted radiation is given by E͑,z,⍀͒ = ͵ dzЈG EP ͑,z − zЈ,⍀͒ · P͑,zЈ,⍀͒, ͑26͒
where P͑ , zЈ , ⍀͒ are the Fourier components of the polarization density and G EP ͑ , z , ⍀͒ as the appropriate Green's function.
To obtain the far-field radiation in the normal direction for z Ͼ 0, we let r → ϱ and find that the asymptotic form is determined by a neighborhood of around = 0. Assuming that the magnetization source is polarized along x , we find that the electric field E͑z , t͒ from the source is polarized along ŷ and its magnitude is given by
where the Fourier components of F M ͑t͒ are given by
and where M + is given by
The phase −i⍀nzЈ / c accounts for path lengths experienced by radiation emitted at different depths in the sample. In Eq. ͑28͒, the index of refraction n appearing in the denominator comes from the Green's function G EM and the factor ⍀ 2 appears because the far-field radiation depends on the second derivative of M͑t͒. For the far-field normal radiation from a polarization source, that is polarized along x , we find that the terahertz radiation is x polarized and that
where the Fourier components are given by
where P + ͑⍀͒ is given by
The far-field terahertz radiation from the shift current has been detected in other studies. We will use this to estimate a baseline signal-to-noise ratio needed to measure terahertz radiation from the magnetization source. We will compare the magnetization source, which is maximized for circular polarizations, to the shift-current source, which is maximized for linear polarized light.
Since the magnetization density of the electrons is much smaller than the holes, a simple estimate of the radiation from the magnetization can be made by comparing only the hole magnetization source to the polarization induced by the shift current. We will compare just the Fourier spectra F M and F P . For the forms ͓Eqs. ͑18͒ and ͑23͔͒ assumed for our source terms, we find
Since ⌬⍀ is on the order of 10 THz, we have ⍀ h Ϸ 1, and by using Eqs. ͑11͒ and ͑17͒,
where ␣ is the fine-structure constant. With parameters for GaAs ͑n = 3.2, L = 1.2, and d = 2.54a B ͒, we have ͉
F P ͑⌬⍀͒ ͉ Ϸ 0.01. That is, the ratio of the magnetization to polarization signal is about 1%. This is comparable to the simple estimate ͓Eq. ͑21͔͒ of that ratio for a single electron, although in the calculation here we have included effects associated with the temporal behavior of the sources, the transmission of the generated terahertz through the surface, the large magnetic moment associated with the hole, and the actual shift distance associated with absorption. Of course, the terahertz radiation from the ultrafast magnetization needs not to be extracted from a signal containing the much stronger terahertz radiation from the shift current. There are crystal orientations for which the ultrafast magnetization is only produced when the incident laser field is circularly polarized, and the shift current is only produced when the incident laser field is linearly polarized. The requirement to detect a signal approximately 100 times weaker than that from the shift current is experimentally challenging but not impossible. This is because the terahertz field amplitude, rather than the intensity, is experimentally measured. If the intensity were measured, the signal from the magnetization effect would be reduced from that of the shift current by a factor of ͓F M ͑⌬⍀͒ / F P ͑⌬⍀͔͒ 2 .
III. EXPERIMENT
We now turn to our experimental search for the terahertz signal from the magnetization source. Figures 3͑a͒ and 3͑b͒ illustrate our experimental setup for observing the transient terahertz radiation. An 80 MHz Ti:sapphire oscillator delivers 1 nJ, 100 fs pulses at 800 nm. For this wavelength, the injected kinetic energies of heavy holes and light holes are 3.6 and 9.5 meV, respectively. This is much less than the 340 meV needed to excite holes in the spin-orbit split-off band. The pulses are split into a pump beam for sample excitation and a probe beam to sample terahertz radiation via electrooptic sampling.
The pump beam is incident onto a 100 m thick ͑110͒ oriented GaAs sample. We define ẑ to be the surface normal of the sample. The incident laser beam lies in the xz plane. The direction ŷ points out of the page in Fig. 3͑b͒ and corresponds to usual ŝ vector commonly defined for non-normal incidence. The ͓001͔ crystal axis lies along the plane of the sample surface ͑xy plane͒. We denote the angle between the ͓001͔ crystal axis and ŷ by ␥. We set ␥ = 1.2°, so that for linear polarizations we have a small but detectable terahertz signal, which we model as being from the shift current. 40 The pump beam polarization is controlled by half-and quarter-wave plates ͑HWP and QWP͒ and a photoelastic modulator ͑PEM͒, as in Fig. 3͑a͒ . The HWP is oriented to provide light linearly polarized 45°from ŷ and fixed. The QWP is used to alternate between circular and linear excitations. We introduce the angle ␤, which is defined as the angle between the QWP fast axis and ŷ , and rotate the QWP to sweep ␤ from 0°to 180°. The PEM operates in quarter-wave mode and modulates the polarization state at a frequency of 42 kHz. Lock-in detection and amplification let us measure the difference in terahertz signals from two polarization states, which we call state 1 and state 2. In state 1, the PEM behaves like a QWP with its fast axis at / 2 and in state 2, it behaves like a QWP with its fast axis at 0°.
To describe the effect of the optical elements, we introduce the primed coordinate system ͕x Ј, ŷ Ј, ẑЈ͖, as shown in Fig. 3͑b͒ . The incident laser beam travels along −ẑЈ. After the QWP, the laser beam polarization is given by
͑35͒
The PEM then acts like another QWP. In what we call state 1, the beam polarization after the PEM is
͑36͒
In what we call state 2, the beam polarization after the PEM is
͑37͒
We use an angle of incidence of 55°, with excitation through an epoxy hemisphere, with index of 1.6, to give an angle of refraction R inside the GaAs sample of about 20°. The laser has a spot diameter of 25 m, which produces a peak incident intensity of 500 MW/ cm 2 and a carrier density of 2 ϫ 10 18 cm −3 over an absorption depth of about 1 m. Since the total magnetization or electric polarization is determined by the total number of carriers excited, and not their density, there is no premium associated with beam focusing.
The terahertz radiation emitted along the surface normal, in the forward direction, is collected with an f = 50 mm, 90°o
ff-axis parabolic, and focused with the same type of mirror onto a 500 m thick ͑110͒ ZnTe electro-optic sampling crystal. The 800 nm probe pulse is spatially overlapped with the terahertz field inside the ZnTe crystal and temporally scanned by adjusting the delay.
The non-normal incidence introduces a minor complication. In addition to a shift current that exists from linearly polarized excitation, because of the non-normal incidence, a shift current is also excited from circularly polarized excitation. To identify the contribution to the terahertz signal from the injected magnetization, we rely on the different symmetries of the pseudotensor abc ͓Eq. ͑15͔͒ and the tensor abc ͓Eq. ͑20͔͒. Unlike the magnetization, which reverses sign when the light polarization is changed from right to left circular, the shift current is the same for both right-and leftcircularly polarized excitations. Thus, the contribution to our detected terahertz signal from this extraneous shift-current signal, and any other 2 abc electric susceptibility effect satisfying the symmetries in Eq. ͑20͒, is eliminated by using the photoelastic modulator together with the lock-in detection.
A simple coordinate rotation can be used to convert the polarization vectors in Eqs. ͑36͒ and ͑37͒ from ͕x Ј, ŷ Ј, ẑЈ͖ to ͕x , ŷ , ẑ͖ ͓see Fig. 3͑b͔͒ . The material polarization and magnetization from the shift current and magnetization injection can be calculated by using Eq. ͑19͒ and ͑12͒, respectively. After a rotation back to the primed coordinate system, one component of each the polarization and magnetization vectors is taken as a measure of the radiant terahertz emission detected. This is because the dipole radiation E shift THz from the shift-current source is polarized along the dipole direction, and the radiation from the magnetization source E mag THz is polarized orthogonal to the magnetization direction. This can be summarized as E and from the ultrafast magnetization, we obtain
where the constant C depends on the width of the pulse and is proportional to the product of the Fresnel transmission coefficients for s-and p-polarized electric fields across the epoxy-air interface. This dependency is not obvious but results from the cancellation of terms in Eq. ͑38͒. The effective magnetic moment eff describes the sum of electron and hole magnetic moments, but we expect it to be dominated by the hole term, and so from Eq. ͑34͒, we take eff = ͑0.7͒ h . It is evident from the ␤ dependence of Eqs. ͑39͒ and ͑40͒ that the shift-current signal is maximized when ␤ = 0°and minimized when ␤ = 45°; the magnetization signal is maximized when ␤ = 45°and minimized when ␤ = 0°. When cos͑2␤͒ = 0, the incident light polarization is modulating between +45°and −45°linear, and when sin͑2␤͒ = 0, it is modulating between right-and left-circularly polarized states. Figure 4͑a͒ shows the results from experimental measurements of the terahertz field strength as a function of ␤. The terahertz field strength is defined as the peak-to-peak value of the observed terahertz trace, although several other definitions of signal strength were used and each resulted in a similar pattern as a function of ␤. The deviation of the sinusoidal pattern created by the shift current is attributed to the signal from the magnetization source. The zero crossings of the Fourier-series fit to the data of Fig. 4͑a͒ are separated by more than 90°indicating the presence of an additional terahertz source with a ␤ dependence, as shown in Fig. 4͑b͒ . The amplitudes recorded at maximum, ␤ = 90°, and minimum, ␤ = 0°, sum up to nearly zero ͑0.05Ϯ 0.14 V͒. A vertical offset of at least 1 V would have been required to cause the zero crossing deviation as present in the data. The experiment yields that the relative strengths of the magnetization and shift-current sources have a ratio 0.017, which is of the same order of magnitude as the theoretical estimate. Figure  4͑b͒ illustrates the expected variation in the terahertz field strength from the shift and magnetization sources, taking the ratio of the source strengths to be 0.017.
Possible sources of systematic error must be mentioned. The terahertz radiation from optical rectification above the band gap was neglected, since it is small relative to that from the shift current and shares the same symmetry dependence. The possibility of terahertz radiation from surface sources is being investigated. Terahertz radiation related to the Dember fields have no dependence on crystal orientation or pump polarization. Despite the assumption of the shift current as the only significant competing terahertz source, this initial effort shows that a terahertz signal on the order of that predicted from the magnetization in bulk GaAs can and has been measured. Other sources of experimental error have been investigated. For example, we have examined angular offset errors to the initial pump or probe polarization, the polarization optics ͑HWP, QWP, and PEM͒, and the electrooptic detection system. All of such errors produce either a uniform shift of the ␤ plot right or left or a small scaling factor. None can be found to exhibit the same dependency on ␤ as the magnetization source.
IV. CONCLUSION
In conclusion, we have theoretically investigated the magnetic properties of electrons and holes that are created by optical excitation with above-band-gap circularly polarized light in semiconductors. We have derived expressions for the magnetization-injection rates of electrons and holes within the independent particle picture and have calculated them for GaAs with k · p band models. We find that the injected hole magnetic moments are generally an order of magnitude larger than those of the injected electrons.
We have investigated the possibility of measuring the terahertz radiation from this transient ultrafast magnetization of holes in GaAs. We have theoretically shown that the terahertz radiation from circularly polarized excitation is large enough to be detected, and we have presented initial experiments in search of this radiation. For a fixed angle of incidence, we have measured the normally emitted terahertz radiation as a function of modulated elliptical polarization of the incident beam. By using a rough measure for the strength of the terahertz field, we have found it to fit within a factor of 2, which would be expected if the signal was comprised of only a magnetization and shift-current signal. While the results are preliminary, we find them encouraging.
Future experiments investigating the terahertz radiation can improve on what we have done here by taking a more systematic approach to the experimental parameters. For example, measuring the polarization of the terahertz as a func- tion of emitted angle would provide a stronger signature for a magnetization source. Additionally, the terahertz generation depends on the injection rate of magnetized carriers, and so by using a shorter pulse increases the injection rate and the terahertz signal. The terahertz signal from the injected magnetization could also be increased by using materials with a larger Luttinger parameter L or g factor. Materials with g factors near 50, such as InSb, have been reported. 45 Finally, the actual profiles of the emitted terahertz fields, which we have not discussed but which can easily be determined through an extension of the analysis in Sec. II B, could be analyzed in an attempt to carefully back out the temporal profile of the sources.
